+ ions is expected to be negligible compared to solar EUV-XUV ionization, it is of the same order of magnitude at 110 km altitude during the cometary passage, leading to detectable increases in ionospheric densities. Cometary O + pickup ion precipitation is expected to be the major nightside ionization source, creating a temporary ionosphere and a global airglow. These effects are dependent on the solar and cometary activities at the time of the encounter.
Introduction
On 19 October 2014, the Siding Spring C/2013 A1 comet will pass in the vicinity of Mars with a closest approach of ∼130,000 km with a heliocentric distance of 1.40 AU [Schneider, 2013; Moorhead et al., 2014] . The coma of the comet may envelop Mars, leading to the precipitation of molecules, ions, and dust particles. Several questions are raised about the effects of this precipitation. For example, the dust from the comet may pose a danger to the operating orbiters [Ye and Hui, 2014] , i.e., Mars Odyssey, Mars Express (MEX), Mars Reconnaissance Orbiter, Mars Orbiter Mission, and Mars Atmosphere and Volatile Evolution (MAVEN). It will create shooting stars, observable from the surface of the planet [Selsis et al., 2005; Moorhead et al., 2014; Vaubaillon et al., 2014; Tricarico et al., 2014; Ye and Hui, 2014] , and will likely be responsible for the generation of an extra ionospheric layer [Molina-Cuberos et al., 2003; Whalley and Plane, 2010; .
The most important atmospheric effect will be the precipitation of atoms/molecules/ions and especially atomic oxygen atoms and O + ions. Although the main gas forming the corona of comets is H 2 O, the ionization and excitation by impact of this molecule will hardly be differentiable from those of O, for which incidentally more data are available concerning its collision cross sections with other molecules. Moreover, the cometary coronal gas will be partially ionized and dissociated by the EUV-XUV solar flux. To understand the atomic and molecular precipitation effects during such an encounter, it is therefore necessary to evaluate the flux of the neutral gas ejected from the comet and to compute its composition after the dissociation/ionization. A first approximation has been given by Schneider [2013] : at the closest approach, a density of 100 H 2 O molecules per cm 3 is expected; since the relative speed between the comet and Mars is 56 km s −1 , the resulting H 2 O flux is of the order of 5 × 10 8 cm −2 s −1 . In addition, the kinetic energy for an oxygen atom at 56 km s −1 is about 260 eV. However, this first estimation of the energy of the precipitating O does not take into account the dissociation and ionization of the precipitating molecules and the ion pickup effects.
The present paper aims to improve on the current view of the Mars/comet Siding Spring pass by addressing these approximations. It shows for the first time an estimation of the flux of pickup O + ions at Mars originating from photodissociated H 2 O molecules from the comet Siding Spring. It also shows the first estimation of the extra ionization in the Martian upper atmosphere coming from the precipitation of these accelerated O + ions.
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In section 2, the models used for the estimation of the O density, the O + acceleration, and the ionization in the upper atmosphere of Mars are presented. In section 3, the oxygen ion fluxes at Mars and the total ionization rates are shown and discussed.
The Model
To compute the effects of the energetic O + on the Martian environment, several steps are necessary with four physical models used sequentially. First, a cometary neutral/ion atmosphere model is used; it requires an estimation of the production of O by photodissociation of H 2 O and OH, provided by the Aeroplanets model. Then, an ion pickup model computes the ionization of O and its acceleration by the solar wind toward Mars. Finally, a heavy ion transport model, Planetocosmics, computes the ionization by the precipitating O + in the upper atmosphere of Mars. Each of these models is briefly described in the following sections.
The Aeroplanets Model
The Aeroplanets model [Gronoff et al., , 2012a [Gronoff et al., , 2012b Simon Wedlund et al., 2011] computes the ionization and excitation of atmospheric species by photon, electron, proton, and cosmic ray impacts, including the effect of the transport of secondary particles. It is based on the Trans* models, initially developed for the Earth [Lilensten et al., 1990; Lummerzheim and Lilensten, 1994; Simon et al., 2007] and adapted to Venus [Gronoff et al., 2007 [Gronoff et al., , 2008 , Mars [Witasse et al., 2002 Simon et al., 2009; Gronoff et al., 2012a Gronoff et al., , 2012b , or Titan [Gronoff et al., 2009a [Gronoff et al., , 2009b , including several other modules such as a fluid model (Earth) or an emission model (all planetary atmospheres).
Aeroplanets is used to compute the photodissociation probabilities in the Haser model [Haser, 1957] and to compare the final ionization rates by O + with the ionization rates due to the solar EUX-XUV flux and the secondary (photo-)electrons.
The Comet Atmosphere Model
The comet's neutral coronal density can be estimated using the Haser model [Jackson et al., 2009, and references therein] , which gives the steady state spherical distribution of a parent molecule and its associated daughter products, assuming a uniform and isotropic outgassing of the parent molecule. The direct observation of cometary comae shows that these assumptions and the reconstructed densities from the Haser model are reasonably accurate [Ahearn, 1982; Bertaux et al., 1998 ].
The number density n of H 2 O parent molecules is estimated as a function of the radial distance r from the comet using n(r) = The major uncertainty for the present study is the ejection rate Q, which varies significantly depending on the comet (mainly as a function of its nuclear structure and surface [Skorov et al., 2011; Huebner et al., 2006] ). It has been estimated at 10 31 s −1 for Hale-Bopp [Morgenthaler et al., 2001 ], 10 29 s −1 for Hyakutake [Biver et al., 1999; Combi et al., 1998 ], and 10 28 s −1 for Churyumov-Gerasimenko near perihelion [Bertaux et al., 2014] . Siding Spring is a Oort-cloud comet [Moorhead et al., 2014] solar wind, and then reaccelerated toward Mars [Cravens et al., 2002; Rahmati et al., 2013 Rahmati et al., , 2014 . A similar scheme happens to O atoms from the coma of comets [Cravens, 1989] . In the case of the passage of the comet Siding Spring, the density of cometary O is expected to be orders of magnitude higher than the Martian oxygen corona. Therefore, a large increase in high-energy O + ions, picked up by the solar wind from the cometary coma, is expected.
Because of the interplanetary magnetic field, O
+ pickup ions will have a gyroradius large enough (about 20,000 km for our assumed values) to precipitate in the nightside upper atmosphere of Mars with fluxes similar to those computed on the dayside [Cravens et al., 2002] . A first approximation, which is an upper estimate, is to consider these fluxes equal to the dayside ones.
Importance of Mass Loading
Solar wind mass loading is an important mechanism at comets with a sufficiently dense neutral corona that is continuously ionized by solar radiation and by the solar wind, resulting in the slowing down of the plasma flow on its approach to the cometary nucleus and possibly the formation of a cometary bow shock [Huebner et al., 2006] . At large distances from the comet, newly produced cometary ions are picked up by the solar wind convection electric field, resulting in a net increase in their velocity. The supplementary kinetic energy is transferred from the solar wind to the cometary ions, and therefore, pickup ions may in turn slow down the solar wind [Jarvinen and Kallio, 2014] . Simultaneously, both solar wind magnetic and electric field intensities and geometries may be perturbed [Kallio and Jarvinen, 2012] . Two models are used to address the importance of the mass loading effects for the Siding Spring/Mars encounter. A 3-D self-consistent hybrid model is used to simulate mass loading around the cometary nucleus in the region x∕y∕z = [−30, 000 30, 000] km (see details in Kallio and Jarvinen [2012] and Jarvinen and Kallio [2014] ). A simple 1-D gas dynamic model, based on the conservation of mass and momentum in the plasma flow, is used to analyze regions farther away from the comet's nucleus and assumes that a pickup ion instantaneously gets the speed of the ambient solar wind protons. In both models the total loss rate of H 2 O is obtained from the Haser model. The maximum theoretical mass loading effect is studied by assuming that all the particles resulting from the destruction of H 2 O molecules are ions, that is, that one water molecule produces ions with a total mass of 18 amu. The solar wind velocity is assumed to be U sw = 600 km s −1 , the interplanetary magnetic field is (B x , B y , B z ) = (0, 5, 0) nT, and the solar wind density is n sw = 6 cm −3 . The slowing down of the solar wind at distances greater than ∼30,000 km (4 times smaller than the cometary closest approach) from the nucleus is found to be only a few percent by this model.
Hybrid model runs show that mass loading effects do not need to be taken into account even closer to the nucleus. The solar wind is found to be unaffected until about 10,000 km from the comet's nucleus where the interplanetary magnetic field lines start to be distorted, forming a cone-shaped perturbation region with a near 90
• aperture and expanding toward the antisolar point. Due to the geometry of the encounter and the relatively large closest approach to Mars of 130,000 km, this perturbation region will never intersect Mars' trajectory. Because the assumed loss rate of H 2 O will certainly be revised at the time of the encounter, the simulated perturbation region might expand or contract accordingly. These results, assuming a large mass loading, show that the solar wind may be considered undisturbed in the pickup ion analysis.
The Pickup Ion Simulation
The position of the comet with respect to Mars at the closest approach is depicted in Figure 2 test particle code described in Cravens et al. [2002; Rahmati et al., 2014] is used to find the fluxes of O + pickup ions near Mars.
A solar wind (U sw ) speed of 600 km s −1 (respectively, 400 km s −1 and 500 km s −1 for the quiet and moderate solar conditions) and a magnetic field of 5 nT (4 nT for the quiet and moderate solar conditions) perpendicular to the solar wind are assumed for the active solar condition following Ramati et al. [2013, 2014] . Therefore, in the following, the "solar condition" describes both the EUV-XUV flux and the solar wind speed.
The initial velocity of the pickup ions is assumed to be zero. As shown in Figure 2 , the simulation region for tracking the trajectories of pickup ions is upstream of Mars, with a sampling plane placed at an altitude of 2000 km to collect the ions and record their kinetic energy when they cross the plane. Ions created outside of the simulation region will not cross the sampling plane. For a magnetic field perpendicular to the solar wind flow velocity, the maximum kinetic energy (E max ) for the O + ions is determined by
where m is the mass of the ion.
The Planetocosmics Model
The neutral atmosphere model for these observations comes from the Mars Climatology Database and is the one used in Norman et al. [2014] . The Planetocosmics model computes the cosmic rays deposition in planetary atmospheres [Desorgher et al., 2005; Gronoff et al., 2011; Sheel et al., 2012] and is based on the Geant4 library developed by the Centre Européen de Recherche Nucléaire (CERN). Planetocosmics computes the transport of O + energetic ions down to relatively low energies (a hundred eV). It computes here the effect of the O + ions precipitating in the upper atmosphere of Mars, following the same scheme as for the O + flux at Titan [Gronoff et al., 2009a] . For the present simulations, we consider the ionization outside of the crustal magnetic field regions in order to neglect the magnetic shielding.
Results
The passage of the comet has two main effects on the energetic O + ions at the vicinity of Mars. First, O + fluxes may be greatly enhanced, leading to a drastic change in the plasma environment at Mars (composition, energy content) that may become a hazard for the instrumentation on board Martian orbiters [Bedingfield et al., 1996; Tahara et al., 1995; Tahara, 2003 ]. The GRONOFF ET AL. second effect is that the high-energy O + ions may precipitate into the upper atmosphere, ionizing neutral molecules and creating a temporary ion layer. Figure 3 shows the flux of the Siding Spring O + pickup ions near Mars for quiet and active solar conditions. For comparison, the flux of O + ions originating from the neutral oxygen exosphere of Mars is also plotted. The O + flux due to the comet is about 2 orders of magnitude higher than that of the Martian neutral exosphere for energies greater than ∼50 keV. The solar energetic particles instrument on board the MAVEN spacecraft can detect O + ions with energies greater than ∼70 keV [Rahmati et al., 2013 [Rahmati et al., , 2014 . The Analyzer of Space Plasmas and Energetic Atoms instrument on board MEX will be able to detect the O + fluxes below these energies. The pickup ion model shows to a first approximation a flux proportional to the density of neutral oxygen O. Therefore, a higher H 2 O ejection rate Q will lead to a proportionally higher O + fluxes. Figure 4 shows the electron production rate or ionization rate at Mars due to precipitating O + . This ionization rate is valid for dayside and is an upper limit for the nightside because Mars is a large obstacle for the O + flux at ionospheric altitudes. However, it could vary due to the shielding by local electric or magnetic fields. The ionization due to the comet peaks at an altitude of 110 km with a rate of 6.0 × 10 2 electrons cm −3 s −1
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for active solar wind conditions. This is 2 orders of magnitude above the ionization of 3 electrons s
at 115 km altitude due to the Martian corona pickup ions and much higher than the quiet solar wind conditions of 30 electrons s −1 cm −3 at 115 km altitude. The ionization due to the comet during high solar activity is of the same order of magnitude as that due to the EUV-XUV flux: for a F 10.7 value of 130 (moderate solar activity) and a solar zenith angle of 45
• , this ionization is 1.0 × 10 3 electrons cm −3 s −1 . When compared to the nightside ionization rates, the O + precipitation will dwarf all other sources, even the ionization by the dust from the comet on the side of the planet facing this meteor flux [Ye and Hui, 2014] . Since the ionization rate due to O + ion precipitation is comparable to the dayside ionization rate at 110 km, the electron density will also be comparable, of the order of 1.0 × 10 4−5 cm −3 [Withers et al., 2012a] . Such electron densities have been detected before: the precipitation of O + will therefore be noticeable with instruments such as Mars Advanced Radar for Subsurface and Ionosphere Sounding (on board MEX) [Gurnett et al., 2008] and radio occultation experiment (such as Mars Express Radio Science Experiment [Withers et al., 2012b] on board MEX). In addition, such a deposition of energy will create airglow emissions [Gronoff et al., 2012a ] that may become the major emission in the UV on the nightside of Mars and are therefore likely to be observable by the Imaging Ultraviolet Spectrograph instrument on board MAVEN [Schneider, 2013, also personal communication] and the Spectroscopy for Investigation of Characteristics of the Atmosphere of Mars instrument on board MEX [Simon et al., 2009] . by instruments on board the different orbiters at Mars, notably MEX and MAVEN. The estimation of these fluxes is necessary to better address the danger encountered by these space missions while orbiting in a very variable plasma environment. The present results fill a gap in the interpretation and the assessment of the risks for Martian orbiters: the O + fluxes at 100 keV energy are estimated to be of the same order of magnitude as of proton fluxes for standard solar energetic particle events [Norman et al., 2014] . The O + flux hazard will be more easily addressed than the dust impact hazard.
Conclusion
The prediction of the ionization rates in the upper atmosphere of Mars will permit a better understanding of the different observations and suggests a close monitoring of the electron density at 110 km altitude by the different radio/radar experiments during the passage of the comet. The exact magnitude of the O + flux, and so the exact effects in terms of energetics and composition in the Martian environment, are found to be extremely dependent on the solar conditions and on the activity of the comet and therefore will be correctly estimated a few days before the actual passage.
